Urinary methoxyphenols (MPs) have been proposed as biomarkers of woodsmoke exposure. However, few field studies have been undertaken to evaluate the relationship between woodsmoke exposure and urinary MP concentrations. We conducted a pilot study at the US Forest Service F Savannah River Site, in which carbon monoxide (CO), levoglucosan (LG), and particulate matter (PM 2.5 ) exposures were measured in wildland firefighters on prescribed burn days. Pre-and post-shift urine samples were collected from each subject, and cross-shift changes in creatinine-corrected urinary MP concentrations were calculated. Correlations between exposure measures and creatine-adjusted urinary MP concentrations were explored, and regression models were developed relating changes in urinary MP concentrations to measured exposure levels. Full-shift measurements were made on 13 firefighters over 20 work shifts in winter 2004 at the US Forest Service Savannah River site, a National Environmental Research Park. The average workshift length across the 20 measured shifts was 701 ± 95 min.
Introduction
Exposure to wood smoke can occur from a variety of sources, including fires used for cooking and heating, and wildland fires. In the United States, more than 100,000 people per year are exposed to elevated levels of wood smoke as a result of wildfires, agricultural field burning, and prescribed fires (Harrison et al., 1995) . Biomass smoke is a complex mixture of gases and particles including polycyclic aromatic hydrocarbons, nitrogen dioxide, volatile organic compounds, carbon monoxide (CO), particulate matter (PM), and a number of other chemicals F many of which are known health-damaging agents (Lee et al., 2005; Naeher et al., 2006) . Woodsmoke exposures have been associated with respiratory infections, COPD, impaired lung function, and lung cancer (Naeher et al., 2006) . Occupational exposures to wood smoke occur among occupations such as charcoal production workers (Kato et al., 2004) , urban firefighters (Gold et al., 1978; Guidotti and Clough, 1992) , and wildland firefighters (Reinhardt and Ottmar, 2004; Naeher et al., 2006 ). An estimated 70-80,000 US workers are involved in wildland firefighting annually (Harrison et al., 1995) .
Accurate personal exposure data are required for epidemiological studies of the association between occupational exposures to wood smoke and potential adverse health effects. However, exposure assessment for highly transient workers exposed to wood smoke, such as wildland firefighters, who work at multiple fire sites in a single season and whose exposure levels may vary dramatically between one work shift and the next, is particularly challenging (Reinhardt and Ottmar, 2004) . PM is one of the primary air pollutants of concern for wildland firefighters (Reinhardt and Ottmar, 2004) . Because exposures to PM have been shown to correlate reasonably well with CO among wildland firefighters, CO has been used to estimate exposures to PM in this population (Reinhardt and Ottmar, 2004) . However, woodsmoke exposures estimated from either PM or CO can be confounded by non-woodsmoke sources of these pollutants. Levoglucosan (LG) is the most abundant particleassociated organic compound in wildland fire wood smoke (Lee et al., 2005) , and may serve as a more specific indicator of exposure to wood smoke from wildland fires than either CO or PM, because it is a specific product of wood combustion. We have previously shown that LG correlated well with PM exposures following a managed exposure to wood smoke (Dills et al., 2006) .
There is interest in the development of a biomarker of exposure to wood smoke in occupational settings due to the difficulties in conducting air monitoring on woodsmokeexposed populations such as wildland firefighters, whose exposures are highly variable and the workforce is transient. In a study where subjects were intentionally exposed to wood smoke, Dills et al. (2006) demonstrated that several urinary methoxyphenols (MPs) were highly correlated with the woodsmoke exposure. In addition, Clark et al. (2007) demonstrated that several urinary MPs were well correlated with indices of woodsmoke exposure (CO and PM) among householders in rural Guatemala. The current study in a small group of wildland firefighters evaluated the relationship between exposure to CO, PM, and LG, and changes in urinary MPs. Two hypotheses were explored in the study. The first hypothesis was that levels of CO, PM, and LG exposure would be significantly correlated. The second hypothesis was that cross-shift changes in urinary MPs would be significantly correlated with exposure to CO, PM, and LG.
Methods
The data for the current pilot study were collected from a 13-subject subgroup of a cohort of 17 wildland firefighters in the southeastern United States. There were 12 male and 1 female firefighters in the subgroup with a median age of 28 years (range: 21-35 years). The subgroup of firefighters were sampled on prescribed burn days for CO, PM 2.5 , and LG (obtained from the PM 2.5 samples), and completed a postshift questionnaire summarizing their activities on each sampling day. The post-shift questionnaire also included questions about potential confounding sources of smoke (e.g., smoking, exposure to environmental tobacco smoke, and consumption of smoked or grilled foods). The average workshift length was 701±95 min. Additionally, pre-and post-shift urine samples were collected from each subject for urinary MP biomarker analysis. The study design and protocols were reviewed and approved by the Institutional Review Boards of the University of Washington (UW), the University of Georgia (UGA), and the Centers for Disease Control and Prevention (CDC).
CO, LG, and PM 2.5 Exposure Data
Full-shift personal breathing zone measurements of CO were made using CO sensor-equipped data-logging Draeger PAC III single gas meters (Draeger Safety Inc., Pittsburgh, PA, USA). The meters operated in the passive diffusion mode with a data-logging interval of 1 min, and recorded a fullshift time-weighted average. Research staff installed the meters at the start of the measured shift, and removed them at the end of the shift, and all meters were zeroed and checked with calibration span gas after each work shift. Personal breathing zone measurements of PM 2.5 were made using SKC Model 224 universal personal sampling pumps (SKC Inc., Eighty Four, PA, USA) drawing 4.0 l of air per minute through a BGI Inc. GK2.05 (KTL) PM 2.5 cyclone (BGI Inc., Waltham, MA, USA). PM 2.5 was collected on Gelman 37 mm Teflo filters (Pall Corp, Ann Arbor, MI, USA) with PTFE membranes and a 2.0-mm pore size. Sample filters were loaded into filter cassettes and were transported in clean, antistatic plastic bags. PM 2.5 mass concentrations were computed based on pre-and postsampling gravimetric analysis of the filters and sample volume (calculated as the product of the sample duration and the mean of pre-and post-sampling calibration flow rates). Gravimetric analysis was undertaken at the UGA. Filters were stored in a partially climate-controlled laboratory for at least 48 h prior to weighing, and were weighed twice before and following sampling. Sampling notes were available for all PM 2.5 and CO measurements and noted when pump, cyclone, or meter failure occurred, and whether exposures to wood smoke were missed as a result of these failures.
Following post-sampling gravimetric analysis, the PM 2.5 filters were sent to the UW for analysis for LG. Filters were extracted by sonication in ethylacetate, extracts were reduced in volume under N 2 , derivatized with MSTFA/pyridine, and analyzed for LG by using GC/MS as described previously (Simpson et al., 2004 (Simpson et al., , 2005 . Samples were amended with LG prior to extraction to monitor analyte recovery, and unexposed filters were extracted with each batch of environmental samples as assay blanks.
Urinary MP and Creatinine Data
Urine samples were collected from study participants each day before and after the completion of the shift. Firefighters were given specimen collection cups to take home for collection of their first morning void. At the end of shift, firefighters were again provided with containers for collection of urine samples. Each specimen container was barcode labeled, scanned into an electronic database, and logged into a logbook. Following this step, the specimen containers were checked for proper seal, bagged, and placed into a cooler filled with dry ice. Once the cooler was filled, it was shipped overnight to the National Center for Environmental Health laboratory at the CDC in Atlanta (GA, USA) for temporary storage. The urine samples in the current study were shipped to the UW laboratory for urinary MP analysis.
Urine samples were analyzed at the UW for creatinine and 22 MP compounds: guaiacol, methylguaiacol, 2, ethylguaiacol, syringol, eugenol, propylguaiacol, vanillin, methylsyringol, acetovanillone, ethylsyringol, guaiacylacetone, allylsyringol, propylsyringol, syringaldehyde, acetosyringone, coniferylaldehyde, propionylsyringone , butyrylsyringone, and sinapylaldehyde, as described elsewhere (Dills et al., 2001 (Dills et al., , 2006 . Briefly, urine samples (10 ml) were acid hydrolyzed to deconjugate the MPs, then applied to ion exchange solidphase extraction columns. The MPs were eluted with ethylacetate and analyzed by GC/MS. Deuterated MPs (synthesized in house) were amended to the urine samples prior to extraction to monitor analyte recovery. Assay blanks (10 ml water) and urine samples fortified with MPs were included with each batch of firefighter urine samples to monitor assay precision and accuracy. For analyte identification, retention times for analyte peaks were referenced to retention time standards (usually the analyte's recovery standard). The window of acceptance was approximately (±0.002 min) and was based on the variability of relative retention times seen in the calibrants.
Statistical Analysis
Statistical analyses of the air contaminant and urinary MP data were conducted using Intercooled Stata 9.0 (Stata Corp., College Station, TX, USA). Histograms indicated that the LG and CO exposure data were normally distributed; however, the PM 2.5 data were lognormally distributed. Pearson correlations were computed between the LG and CO exposure levels; due to the fact that the PM 2.5 data were lognormally distributed, Spearman's correlations (which make no distributional assumptions) were used to assess the relationship between the PM 2.5 and LG and CO exposure levels. The half-life for urinary excretion of MPs is relatively short F on the order of 2-6 h (Dills et al., 2006) . Therefore, we anticipate that, after correcting for diuresis, concentrations of MPs in urine samples obtained from the first urine void collected after the end of the work shift would be elevated in comparison to MP concentrations in a baseline urine void collected in the morning prior to the work shift. Thus, we adjusted for diuresis by normalizing the MP concentrations in each urine sample to the creatinine concentration for that sample. For each MP, we then calculated the cross-shift change in MP concentration by subtracting the creatinine-normalized preshift urinary MP concentration from the corresponding creatinine-normalized post-shift urinary MP concentration.
Histograms of the data for the 22 creatinine-adjusted urinary MP analytes indicated that the data were approximately normally distributed. To assess the variance in cross-shift urinary MP changes that could be explained using exposure level data and to account for repeated measurements on some subjects, random-effects regression models with a random effect for subject were developed using CO and LG exposure levels as predictor variables and cross-shift changes in urinary MPs as the modeled outcome.
Results
Twenty full-shift air samples and 40 urine samples (20 preand 20 post shifts) were collected from a group of 13 wildland firefighters on days they were involved in prescribed burn activities, within a period of roughly 3 weeks in February and March 2004. Meteorological conditions during the prescribed burn activities were as follows: average temperature 681F (range: 41-691F), average relative humidity 37%, and average wind speed 6 m.p.h. The firefighters performed a number of activities during the measured shifts, including holding fire lines, lighting backfires, and mopping up fire lines. Task-based exposure level estimates from these activities were not robust due to the small number of samples for each activity, and are not reported here. None of the subjects used respiratory protection on measured shifts.
CO, LG, and PM 2.5 Exposure Measurements
There were no data quality issues identified among the CO measurements, so 20 full-shift levels were available for analysis. However, problems with the particle sampling reduced the number of valid PM 2.5 and LG measurements. In all, 1 of the 20 filter samples was excluded due to cyclone failure during sampling and 8 of the remaining 19 samples failed to run for the entire work shift (due to pump failures related to sample overloading and extended shift durations). In total, 11 PM 2.5 samples were available that were representative of full-shift exposure and 16 PM 2.5 samples were representative of more than 60% of the duration of the measured shift. PM 2.5 and LG measures representative of full-shift exposure had an average measurement duration of 577.8±112.4 min (range: 362-767 min). PM 2.5 and LG measures representative of more than 60% of the duration of the measured shift had an average duration of 559.4 ± 98.8 min (range: 362-767 min). Among all 19 valid PM 2.5 and LG measures, the average measurement duration was 533.6 ± 110.5 min (range: 342-767 min). The 20 fullshift CO measures had an average measurement duration of 701.4±95.3 min (range: 564-846 min). Figure 1 illustrates two typical CO exposure profiles for the firefighters in this study. The first part of the work shift is characterized by negligible woodsmoke exposures as the workers were in the office or in transit to the fire site. Therefore, most of the smoke exposures occurred during the second half of the work shift. Figure 2 shows scatterplots of the subset of exposure data representative of full-shift exposures for PM 2.5 , LG, and CO. Full-shift LG and CO levels ( Figure 2b ) were significantly correlated (Pearson's r ¼ 0.77, P ¼ 0.006). Full-shift PM 2.5 and LG measures ( Figure 2a) were uncorrelated (Spearman's r ¼ 0.002, P ¼ 0.99), and full-shift PM and CO levels ( Figure 2c ) showed a slightly negative association. When samples representative of 460% of the measured shift duration were analyzed, LG and CO levels were highly and significantly correlated (Pearson's r ¼ 0.82, P ¼ 0.0001), as were LG and PM 2.5 (Spearman's r ¼ 0.71, P ¼ 0.006), whereas PM 2.5 and CO were moderately but not significantly correlated. When all available valid samples were considered, LG and CO remained highly and significantly correlated (Pearson's r ¼ 0.79, P ¼ 0.0001).
LG and PM 2.5 (Spearman's r ¼ 0.32, P ¼ 0.17) and PM 2.5 and CO (Spearman's r ¼ 0.17, P ¼ 0.49) showed poor correlation. Table 2 displays descriptive statistics for pre-and post-shift measurements of creatinine and 22 creatinine-adjusted MPs. Pre-shift urine samples were collected on average 9 ± 43 min prior to the start of the monitored work shift (range: 82 min before to 76 min after), and post-shift samples were collected on average 101±122 min after the end of the monitored work shift (range: 9 min before to 321 min after). MPs are rapidly excreted in human urine, with elimination half-lives B2-6 h (Ogata et al., 1995) . Thus, the post-shift urine sample is likely to capture a substantial fraction of the MP exposure from the preceding work shift. Analytical recoveries (based on the deuterium-labeled surrogate compounds) ranged from 68% (syringaldehyde) to 99% (guaiacol). Many of the MPs were readily detected in most or all of the urine samples (e.g., guaiacol and eugenol). However, some compounds were rarely detected, or only detected in a few samples (e.g., propylsyringol and butyrylsyringone). Except where noted, all analyses of individual urinary MPs excluded those samples with non-detectable levels of the analytes.
Urinary MP Measurements
Creatinine adjustment has been previously demonstrated to be necessary for the analysis of urinary MPs resulting from woodsmoke exposure (Dills et al., 2006) . Following screening for invalid data, the urinary creatinine levels of the available urine samples were compared with guidelines issued by the American Conference of Governmental Industrial Hygienists (ACGIH, 2006), which specify a normal range for creatinine values of 0.3 g/l-3 g/l. Values for four pre-shift and two post-shift urine samples exceeded this range (3.005-4.375 g/l). The pre-and post-shift creatinine-adjusted MP levels from the subjects with creatinine levels that exceeded the ACGIH Guidelines were not significantly different (Student's t-test, P40.05) from those of the other subjects, so no subjects were excluded from analysis based on creatinine levels.
Potential Confounding Sources of Woodsmoke Exposure
Exposure to cigarette smoke and consumption of grilled or smoked foods could affect the levels of MPs measured in the urine samples provided by each subject (Dills et al., 2001 ). All of the participating subjects in the current study were nonsmokers. Subjects assessed in three of the measured work shifts (15%) had exposure to smokers within the 48-h period prior to sampling; all exposures lasted less than 15 min in total. The pre-shift creatinine-adjusted MP levels for the three subjects exposed to smokers pre-shift were not statistically significant from the remainder of the group (Student's t-test, P40.05), so no data were excluded from analysis based on exposure to smokers. Subjects assessed in two of the measured work shifts (10%) consumed grilled or smoked foods. One subject consumed grilled food 24 h prior to the measured shift, the other during the measured shift. Both workers also consumed smoked food during the measured shift. For these two subjects who consumed smoked and grilled foods prior to or during the shift, post-shift creatinine-corrected concentrations of four syringol compounds (syringol, methylsyringol, ethylsyringol, and allylsyringol) and vanillin (Student's t-test, Po0.05) were significantly higher as compared with the other subjects. Because of the possible contribution of smoked and grilled foods to their post-shift MP levels, data from these two subjects for these specific urinary MPs were excluded from subsequent analysis.
Correlations Among Urinary MPs
Cross-shift changes in the creatinine-adjusted levels of the 22 urinary MPs were calculated as post-shift minus pre-shift level. Descriptive statistics were then computed for pre-and post shift, as well as cross-shift change, for each of the urinary MPs (Table 2 ). For the specific urinary MPs possibly affected by smoked or grilled food consumption, data are presented both with and without inclusion of the values from the two subjects reporting consumption of these foods. Paired t-tests (a ¼ 0.05) were computed for the cross-shift change in each urinary MP. Creatinine-corrected urinary concentrations for 20 of the 22 MPs showed cross-shift increases; the increases were statistically significant for 14 of the 22 MPs.
Pearson correlation coefficients were also computed for all possible pairwise combinations of urinary MPs. A group of guaiacyl-type MPs (guaiacol, methylguaiacol, ethylguaiacol, and propylguaiacol) was highly correlated with each other, and a second group of syringyl type MPs (syringol, methylsyringol, and ethylsyringol) was also highly correlated with each other, but not with the guaiacyl compounds. The seven MPs listed above were selected for additional analysis. For these seven MPs, cross-shift changes for individual MPs within the two groups were added to create a summed crossshift change. For the summed variables only (and not for individual MPs), observations that were non-detectable were assigned one half of the limit of detection for each specific analyte, and observations that were below the limit of quantitation were assigned one half of the reporting limit. With two subjects who consumed smoked or grilled foods before or during shift removed. *PostÀpre-shift difference statistically significant, Po0.05 (paired t-test); **PostÀpre-shift difference statistically significant, Po0.01 (paired t-test).
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syringol and guaiacol MPs chosen for detailed analysis, as well as Spearman's correlation coefficients between PM 2.5 and the individual, and summed guaiacol and syringol MPs. Correlations are presented for all three subsets of exposure data. Full-shift CO had strong and significant correlations with individual and summed guaiacol MP levels. A scatterplot of CO concentration vs. cross-shift change in the summed guaiacol variable is shown in Figure 3 .
Full-shift LG measures (n ¼ 11) had poor and insignificant associations with the MP levels. However, for measurements that lasted Z60% of the shift length (n ¼ 16), LG was significantly correlated with guaiacol and methylguaiacol levels, and additionally with propylguaiacol when all measurements were considered (n ¼ 19). PM 2.5 levels were not correlated with the individual, or summed guaiacol and syringol MP levels. However, as was observed for LG, the correlations between PM 2.5 and the individual guaiacol measures improved as the sample size increased from 11 (full-shift samples only) to 19 (all samples). Although the guaiacyl MPs demonstrated significant associations with two of the three exposure variables, the syringyl MPs showed no significant correlations with any of the exposure measures. Table 4 presents random-effects regression models developed using CO and LG exposure data both singly and together as predictor variables and individual or summed guaiacol levels as the dependent variable(s). Regression models are presented for all three exposure data subsets. CO level was the most important predictor variable, and the CO coefficient was significant in each model in which it appeared. Regression coefficients for LG were only significant for the summed guaiacol levels associated with full-shift Table 3 . Correlations between exposure markers and cross-shift creatinine-adjusted differences in guaiacols and syringols (mg/mg creatinine). n, number of samples; P, P-value for correlation coefficient; r ¼ correlation coefficient (Pearson's for CO and LG, Spearman's for PM 2.5 ). *Max n for the exposure measures. measurements; however, for both sets of non-full-shift data (i.e., measurements Z60% of the monitored shift and all measurements), the coefficients for nearly all guaiacols were significant. The lowest R 2 -value associated with the models was 0.14 (full-shift model including LG exposure level as the only predictor variable). The model with the highest R 2 -value included CO and LG concentrations as the predictor variables for the data set including all measurements representative of Z60% of the measured shift; this model explained 80% of the variance in the summed guaiacol levels. CO concentrations in air explain the majority of the variance accounted for in these models.
Discussion
This pilot study explored the relationship between several air contaminant exposures (CO, PM 2.5 , and LG) and urinary MPs in a small group of wildland firefighters. The CO and PM data for the larger group of wildland firefighters and their determinants of exposure will be discussed in detail elsewhere PM and CO exposures experienced by the subgroup of firefighters for which we obtained urinary biomarker measures tended to be higher than for the underlying population. Perhaps not coincidentally, the rate of pump failure was also higher in the current study F 35% compared with 21% in the larger group. For the full-shift measurements included in the current study, the median PM 2.5 and CO exposures were 974 mg/m 3 and 2.77 p.p.m., respectively. In comparison, median PM 2.5 and CO exposures for the larger group of firefighters were several fold lower: 311 mg/m 3 and 1.23 p.p.m., respectively. The exposures we report are comparable to the geometric mean fullshift exposures of 630 mg/m 3 PM 3.5 and 4.1 p.p.m. CO for wildland firefighters working at prescribed burns, described by Reinhardt and Ottmar (2004) .
The first hypothesis of the study was that the air exposure measures for CO, LG, and PM 2.5 would be significantly associated with one another. Because of problems with many of the personal sampling pumps failing prior to the end of the work shift due to overloading and extended shift durations, the data were subdivided into three subsets F measures representative of full-shift exposure, measures representative of Z60% of the measured shift duration, and all measures. Regardless of the data subset used, LG and CO exposure levels were significantly correlated, and LG and PM 2.5 exposure levels were moderately to highly correlated, although the correlations were not significant in the most restricted data set (i.e., full-shift exposure), nor in the data set of all valid measures. PM 2.5 and CO exposures were only significantly correlated in the data set of measures representing at least 60% of the measured shift duration and showed no association in the full-shift exposure data set. In earlier studies with wildland firefighters, Reinhardt and Ottmar (2004) reported a strong association between CO and PM 3.5 (r 2 ¼ 0.73). The weaker association between these two variables observed in the current study is likely due to the small sample size, which was exacerbated by the high frequency of PM 2.5 samples that failed to run for the full work shift.
The mean LG concentration was 75 mg/m 3 , approximately 8% of PM 2.5 mass. In other studies, LG was reported to be 5.7% of PM 2.5 in smoke samples from prescribed burning in Georgia (Lee et al., 2005) , whereas Ward et al. (2006) previously reported that LG levels were about 4% of PM 2.5 levels at Missoula (MT, USA) during a period of smoke impact from wildland fires in 2003. It is noteworthy that in the current data set, 3 of the 19 PM 2.5 measurements (16% of the data) had very low LG/PM ratios (o1.5%). These samples were presumably impacted by a non-woodsmoke source of PM (e.g., ash and dust). PM mass may not be a sufficiently specific metric for measuring wood smoke, and exposure misclassification may occur if assessment of woodsmoke exposures in this population relied exclusively on measurements of PM mass.
The second hypothesis of the study was that cross-shift changes in urinary MPs would be significantly correlated with exposure to CO, PM, and LG. Of the 22 urinary MPs analyzed for this study, 20 compounds showed cross-shift increases in creatinine-corrected concentrations, with 14 of these changes demonstrating statistical significance. Because it was expected that MPs derived from a common source (woodsmoke exposure) would be correlated, we examined correlations between MP concentrations within the urine samples, and, on that basis, selected seven individual MPs for detailed analysis (three syringols and four guaiacols), as well as two variables representing the sums of the four guaiacols and three syringols. CO concentrations demonstrated the strongest and most significant correlations with crossshift change in creatinine-adjusted individual and summed guaiacol MPs. Full-shift LG levels demonstrated moderate but nonsignificant correlations with cross-shift changes in urinary MPs; however, when the less restrictive data subsets (measurements Z60% of shift length and all measurements) were examined, LG levels correlated significantly with several guaiacol MPs. PM 2.5 levels did not correlate significantly with urinary MPs regardless of which data subset was used. The syringol MPs were not found to be associated with any of the air exposure measures. Random-effects regression models indicated that CO concentration alone explained most of the variance in individual and summed guaiacol MP levels, although on the less restrictive data subsets, LG concentration also accounted for up to half of the variance in individual guaiacol MP levels. The variations in the strength of the relationships between the exposure measurements and urinary MP levels in the various subsets of data are attributable to the small sample size of this pilot study.
The current data, in agreement with our earlier reports (Dills et al., 2006; Clark et al., 2007) , suggest that not all MPs are suitable as biomarkers of woodsmoke exposure. Many of the larger molecular weight compounds (e.g., syringaldehyde and coniferylaldehyde) were frequently not detected in the urine samples, either due to their low abundance in wood smoke (Schauer et al., 2001 ), or because they are likely to be extensively metabolized in vivo (Strand and Scheline, 1975) . Other MPs were deemed unsuitable because their prevalence as food additives (vanillin and eugenol) is likely to confound their use as markers of inhaled wood smoke. In contrast, the lower molecular weight MPs (guaiacol, syringol, and their simple alkyl-substituted analogs) are relatively abundant in wood smoke (Hawthorne et al., 1989; Schauer et al., 2001) , do not undergo extensive phase one metabolism (Miller et al., 1974; Ogata et al., 1995) , and show potential utility as biomarkers of woodsmoke exposure. The lack of association between measured woodsmoke exposure and urinary syringols in our current study is in contrast to our earlier reports (Dills et al., 2006; Clark et al., 2007) . A likely explanation is differing biomass fuels in the three studies. Smoke from angiosperm (hardwood) combustion is enriched in syringyl MPs, whereas smoke from gymnosperm (softwood) combustion produces almost exclusively guaiacyl MPs (Simoneit et al., 1993; Sheesley et al., 2003) . In the managed exposure study, smoke was generated by burning both hardwood and softwood species, and urinary concentrations of both guaiacyl and syringyl MPs were correlated with the subjects' woodsmoke exposures (Dills et al., 2006) . In the Guatemala Study, only syringyl MPs showed an association with woodsmoke exposures, and it was postulated that the predominant biomass fuels burned were hardwoods (Clark et al., 2007) . At the Savannah River Site, where the current study took place 68% of the forest acreage is planted in pine species (softwoods) and 29% is planted with hardwood species (USDA, 2004) . We postulate that the biomass fuels burned in the current study were predominantly softwood, and that is the probable reason why only guaiacyl MPs were found to be associated with woodsmoke exposures in the current study. Nevertheless, we did observe modest to significant cross-shift increases in the creatinine-corrected urinary concentrations of most of the syringyl compounds, suggesting that some exposure to hardwood smoke may have occurred.
While previous studies with urban firefighters have shown post-shift increases in several biomarkers (Caux et al., 2002) , the current study is the first report in which biological measurements of woodsmoke-derived chemicals have been directly linked to personal measurements of woodsmoke exposure in wildland firefighters. We found that individual and summed creatinine-adjusted guaiacol urinary MPs were highly associated with CO (and, to a lesser degree, LG) exposure levels, even though the relationships between exposure levels and urinary MPs in the subsets of data available were somewhat unstable due to the small sample size of the study. These results indicate that measurements of urinary MPs show great promise as biomarkers of woodsmoke exposure in wildland firefighters and in other populations that experience high exposures to wood smoke. Future research is necessary to investigate sources of variability in the exposure-biomarker response relationship, including the effect of fuel type and combustion conditions, and the importance of interindividual variation in ventilation and metabolic rates.
